The influence of age on balance of benefit vs. potential harm of blood pressure (BP)-lowering therapy for elderly hypertensives is unclear. We evaluated the modifying effects of age on BP lowering for various adverse outcomes in hypertensive patients older than 60 years without specified comorbidities.
INTRODUCTION
Throughout middle and old age, blood pressure (BP) is strongly and directly related to vascular and all-cause mortality, with increasing absolute risk with age. 1 The elderly now outnumber the young for the first time in recorded history, with the number of people aged 65 or older being projected to grow from an estimated 524 million in 2010 to nearly 1.5 billion in 2050. 2 More importantly, the hypertension is very common in the older population; for example, among US adults ≥60 years of age, the prevalence of hypertension was 67.2% from 2011 to 2014. 3 Taken together, these observations suggest that the management of hypertension in the elderly is an important aspect of public health.
The recently announced 2017 ACC/AHA hypertension clinical practice guideline recommends a SBP target of <130 mm Hg for elderly hypertensives, similar to that for the other populations. 4 However, other guidelines suggest a higher SBP target for the elderly, especially octogenarians. [5] [6] [7] The recommendation of a higher BP treatment target for the elderly has been considered prudent mindful of the fact that increasing BP may be a physiological adaptation to aging and the aged maybe more susceptible to multiple co-morbidities and treatment-related side effects. However, the effect of age on balance of benefit vs. potential harm of BP-lowering therapy, especially for the elderly, has never been comprehensively investigated. We thus conducted the present systematic review to investigate the impact of age in modifying the benefit or harm of antihypertensive treatment for elderly hypertensives. The results of our meta-analysis may contribute to the debate about whether a common BP goal irrespective of age is a more rational recommendation.
METHODS
The prespecified protocol for this systematic review and meta-analysis was registered in PROSPERO (CRD42017056876), and the study closely adhered to the PRISMA guidelines 8 (Supplementary Table 1 ).
Data sources and literature search
We systematically searched MEDLINE and the Cochrane Library databases from inception to 12 December 2016, with keywords and the Medical Subject Headings (MeSH) terms related to the PICOS elements to identify all relevant studies (Supplementary Methods). Further articles were retrieved by re-running the search algorithm before the final analyses. We also manually checked the reference lists of reviews, meta-analyses, and original publications for additional studies. No language restrictions were applied on any of these searches.
Study selection
Based on a previous suggestion, 9 we only included randomized controlled trials (RCTs) that compared intensive BP control with less intensive BP control in hypertensive adults aged 60 years and older at trial entry in this systematic review. Any classes of antihypertensive agents could be used for BP management, and there were no restrictions on BP targets. The exclusion criteria were (i) studies focusing on a specified population with concomitant diseases, such as diabetes mellitus, stroke, heart failure, or coronary artery disease; (ii) studies with a follow-up time of less than 1 year; and (iii) studies in which there was a between-group difference of less than 2 mm Hg in achieved SBP. Reports from subgroups or substudies of the main trial that satisfied these eligibility criteria were also included in this analysis. One researcher (C.J.H.) performed the procedure of selecting the studies, which were further rechecked by a second researcher (H.M.C.) for accuracy.
Data extraction and quality assessment
Relevant data extracted from each eligible trial were collected using a spreadsheet, and included study and participant characteristics, baseline and achieved BP levels, the BP-lowering regimens used, and outcome events. Two researchers (C.J.H. and H.M.C.) independently performed the data extraction and judged the methodological quality of the included trials using the Cochrane Collaboration's tool for assessing the risk of bias 10 and the Grading of Recommendations Assessment, Development and Evaluation (GRADE) system for rating the quality of evidence. 11 Any discrepancies were resolved through discussion.
Outcomes
Our outcomes of interest were coronary heart disease (including fatal and nonfatal myocardial infarction and sudden cardiac death), stroke (including fatal and nonfatal events, except for transient ischemic attacks), heart failure (including fatal and nonfatal events), cardiovascular death, major adverse cardiovascular events (MACE; the composite of nonfatal myocardial infarction, nonfatal stroke, nonfatal heart failure, and cardiovascular death), renal failure (including fatal and nonfatal events of doubling of serum creatinine concentration or end-stage renal disease requiring dialysis or transplantation (Supplementary Table 2 )), and all-cause death. We also investigated the development of cognitive decline (defined as a reduction in cognitive function from baseline) and dementia (diagnosed according to standard clinical criteria) as well as treatment-related side effects (including falls, fractures, syncope, hypotension, and electrolyte imbalance). All adverse outcomes were binary. Supplementary Tables 3 and 4 summarize the outcomes examined for BP-lowering treatment.
Data synthesis and analysis
In this meta-analysis, we used aggregated data and performed a quantitative synthesis of the findings from the included studies. The relative risk (RR), calculated from the number of events and participants in each group, for every outcome was used as the measure of the effect of the intervention. If the direct outcome data were not available, we estimated them using the summary statistic and its confidence interval (CI). Assuming that the subjects in each study were drawn from different populations that led to variations in the effect size, we primarily used the DerSimonian and Laird random-effects model with the Mantel-Haenszel weighting scheme to obtain the pooled estimates of the effects of the interventions and 95% CIs. 12 The results from a fixed-effects model were used when the number of studies was small and low heterogeneity was present. Heterogeneity among studies was assessed using both Cochran's Q and Higgins's I 2 statistics. 10 Publication bias was detected using funnel plots and Egger's regression asymmetry test. 13 The trim and fill method was conducted to assess the effect of publication bias. 14, 15 We performed meta-regression analysis using a mixedeffects model to explore the relationships between achieved SBP levels and the risk of events. A potential curvilinear association was further examined by using restricted cubic spline function with three knots at the 25th, 50th, and 75th percentiles of achieved SBP distribution. The P value for nonlinearity was calculated by testing the null hypothesis of zero for the coefficient of the second spline. To investigate the effect modification by age on the relationship between antihypertensive treatment and adverse vascular outcomes, we first used meta-regression to explore the treatment effect variance that was potentially caused by baseline mean ages of the included trials and subsequently performed subgroup analysis by mean ages of the trials which were divided into two groups with <75 or ≥75 years old. In addition, we assessed the effectiveness of intensive (<140 mm Hg) vs. standard (140-150 mm Hg) SBP control for the prevention of adverse outcomes. We also evaluated the possible modulating effect of frailty on the impact of antihypertensive agents. Statistical significance was defined as a two-tailed P value of less than 0.05. All analyses were performed using R software (version 3. 
RESULTS
After performing the search strategy and excluding duplicate publications, we identified 1,346 potentially relevant articles. After screening the titles and abstracts, we further retrieved the full-text of each relevant study and performed a detailed evaluation of 33 articles. Of these, 23 articles from 18 trials met our inclusion criteria and were deemed eligible for the meta-analysis. Supplementary Figure 1 summarizes the literature selection process.
Study characteristics and quality assessment
The characteristics of the included trials and participants are shown in Table 1 . Of the 18 trials, one (the pilot study for the Hypertension in the Very Elderly Trial, HYVET pilot) had a three-arm design with two comparisons. In total, the 18 RCTs enrolled 53,993 elderly hypertensive patients with a mean age of 74 years. The mean length of follow-up was 3.3 years (range 1.1-5.8 years), and there were more female participants in most of the trials than males. Assessment of the methodologic quality of these trials showed that potential bias resulted from inadequate sequence generation and concealment of allocation and lack of blinding due to an open-label or single-blind design ( Supplementary Figures 2 and 3 ). Funnel plots and Egger's test for MACE indicated an asymmetric distribution (Egger's test P = 0.02) with larger treatment effects in the smaller studies (Supplementary Figure 4) . Through stratifying the treatment effects by sample size, the separate funnels for each subgroup were symmetrical (Egger's test P ≥ 0.20) (Supplementary Figure 5A ). In addition, as shown by the trim and fill analysis results (Supplementary Figure 5B ), our study conclusion was not affected by potential publication bias.
Achieved blood pressure level and risk of adverse vascular outcomes
We conducted meta-regression analyses to elucidate relationships between achieved BP levels and the development of adverse vascular events. The lower final achieved SBP was associated with a lower risk for coronary heart disease (P = 0.0535), stroke (P = 0.0083), heart failure (P = 0.0163), and cardiovascular death (P = 0.0175), but associated with a higher risk for renal failure (P = 0.0043) in a linear manner (Figure 1 ). In the multivariable metaregression analysis, age remained significantly associated only with stroke (P = 0.0455) after accounting for final achieved SBP; however, consistent results of the associations of achieved SBP with stroke were still observed (P = 0.0068; data not shown).
By fitting regression models with restricted cubic splines, we did not find any evidence of significant departure from linearity for these adverse outcomes except for heart failure (P for nonlinearity = 0.0047) and renal failure (P for nonlinearity = 0.0067). After excluding the SPRINT-SENIOR trial that was a key contributor to this nonlinear relation, the significance of nonlinearity was not detected (P for nonlinearity = 0.0960 for heart failure and P for nonlinearity = 0.8150 for renal failure; data not shown).
Effect of antihypertensive treatment modified by age
For hypertensive adults ≥60 years of age, the effectiveness of antihypertensive treatment for the prevention of primary cardio-and cerebrovascular events and death was evident. However, it is unclear whether the treatment effect within this elderly population is influenced by age. Linear metaregression showed that the risk of renal failure conferred by antihypertensive treatment tended to increase with baseline mean age of the study (β = 0.0919, 95% CI = −0.0129 to 0.1967, P = 0.0858) ( Table 2) .
We subsequently performed subgroup analyses to compare the overall benefits and harms of BP-lowering therapy across two prespecified age groups (<75 and ≥75 years) for various adverse outcomes ( Figure 2 and Supplementary Figure 6 ). There were no significant differences in the treatment effects on coronary heart disease, stroke, cardiovascular death, MACE and all-cause death (all P for interaction > 0.05), with pooled risk reductions by 13%-33% (P ≤ 0.005). Nevertheless, a significant effect modification by age was identified for renal failure (P for interaction = 0.02) and a borderline significant effect modification was noted for heart failure (P for interaction = 0.05), indicating that the treatment effect was better for hypertensive adults ≥75 years of age in reducing heart failure but worse in renal failure as compared with those <75 years of age. Additionally, our results showed that the incidence rates of cognitive decline and dementia were not significantly affected by BP-lowering treatment regardless of age groups, but the studies appear to lack power for these outcomes.
We furthermore conducted stratified meta-regression analyses to delineate the pattern of treatment effect against the extent of achieved SBP reduction across age groups. As shown in Figure 3 and Supplementary Figure 7 , the There were 1,368 and 1,317 participants in the intensive and standard groups, respectively, for the investigation of cognitive decline, and data on baseline and achieved SBP were not reported. 32,42 b Baseline SBP data for Syst-Eur was from the report in 1998. 43 Table 1 . Continued treatment-related benefit from SBP reduction in older hypertensive adults (≥75 years of age) seems comparable to that in younger adults (<75 years of age) for coronary heart disease, stroke, cardiovascular death, and MACE as well as heart failure and all-cause death (all P for interaction > 0.34).
Effects of intensive lowering of bp on adverse vascular outcomes
We used final achieved BP as the surrogate of BP targets to evaluate the guideline recommendation for the management (Figure 4 ). There were insufficient data to evaluate the effects of more intensive (<130 mm Hg) vs. standard (<140 mm Hg) SBP control on cardiovascular disease because only one study (SPRINT-SENIOR) has reported achieving these lower levels of BP. 33 The overall quality of evidence was moderate to high for these vascular outcomes, in which lower quality evidence was rated by reason of inconsistency and imprecision (Supplementary Table 5 ). Eleven fewer cardiovascular death (95% CI from 4 fewer to 17 fewer) could be prevented per 1,000 elderly subjects with a final achieved SBP <140 mm Hg than 140-150 mm Hg.
Adverse side effects of antihypertensive treatment and physical function
Very few studies reported the possible side effects relating to antihypertensive treatment including falls, fractures, syncope, hypotension, and electrolyte abnormality (Supplementary Table 4 ). Thus, we used a composite measure for this outcome by summing these adverse events. Pooled results suggested no significantly increased risk of the reported side effects (Supplementary Figure 8A) . Furthermore, the cumulative risk was not correlated with final achieved SBP and the risk ratio was not correlated with the achieved SBP difference between intensive and standard control groups (Supplementary Figure 8B) . This evidence was rated to be low quality (data not shown) and no publication bias was found (Egger's test P = 0.51, data not shown).
We also examined whether physical function of the elderly hypertensive patients could modify the effects of BP treatment. Analyses from two trials 33, 44 showed no heterogeneity in the risk reduction of cardiovascular events or all-cause death associated with antihypertensive treatment across various levels of frailty (P for interaction ≥ 0.63) ( Supplementary Figures 9 and 10 ).
DISCUSSION
In this systematic review and meta-analysis of RCTs (18 trials, 53,993 patients) which included hypertensive patients aged 60 years or older without specified comorbidities, a more aggressive BP lowering therapy, as shown in the metaregression analysis, significantly reduced the risk of stroke and cardiovascular mortality, but increased the risk of renal failure in elderly hypertensive patients. The body of evidence suggests that age caused trivial effect modification on most outcomes relating to BP lowering treatment, except for renal failure. Compared with an achieved SBP of 140-150 mm Hg, a treatment level of <140 mm Hg was associated with a significant reduction in the risk of stroke, heart failure, cardiovascular mortality, and MACE, and an insignificant increase in the risk of renal failure. Pooled statistics from few studies suggested comparable risks of treatment related side effects between intensive and less intensive treatment strategies. In subjects aged 60 years or older, the principal phenotype of hypertension is isolated systolic hypertension (SBP ≥140 mm Hg and diastolic BP <90 mm Hg). 45 As such, the treatment considerations for SBP apparently outweigh those for diastolic BP in elderly hypertensive patients. We therefore focused our analysis on SBP treatment goals.
Our study represents the most comprehensive metaanalysis to date to specifically investigate the effect modification by age on various important clinical outcomes for the old aged population. As shown in our metaregression and subgroup analyses, the effect modification by age on vascular events is insignificant, except for renal failure. Therefore, while a more aggressive BP reduction for elderly hypertensives could reduce their risk of stroke, cardiovascular death, and vascular events, close monitoring their renal function may be required.
We performed meta-regression models with restricted cubic splines to evaluate the possibility of nonlinear relationships between achieved SBP levels and the risk Table 2 . Meta-regression analysis for the relationship of the effect of antihypertensive treatment with baseline mean age of adverse vascular outcomes. The results showed that a nonlinear relation originally detected in heart failure and renal failure seemed to disappear after excluding the SPRINT-SENIOR trial from further analysis, but a linear association remained (P = 0.0004 for heart failure and P = 0.0826 for renal failure, data not shown).
One particular strength of our study is that we only included data from randomized controlled trials because a previous large observation study reporting a terminal decline of SBP in the final 2 years of life suggests that nonrandomized epidemiological associations of low SBP with higher mortality may be accounted for by reverse causation, 9 which may help explain the discrepancy between clinical trial results and nonrandomized studies, and it is inadvisable to base blood pressure treatment recommendations on nonrandomized data for effectiveness outcomes.
Recently, the SPRINT-SENIOR trial evaluated a more aggressive strategy with a systolic BP target of <120 mm Hg vs. a target of <140 mm Hg in a subgroup of patients aged over 75 years, and found a significant reduction in fatal and nonfatal major cardiovascular events and all-cause mortality without a significant increased risk in serious adverse events. 33 The SPRINT trial so far is the only one study that the achieved final SBP is less than 130 mm Hg. To evaluate the influence of these BP levels on vascular outcomes, we conducted a sensitivity analysis by excluding the SPRINT-SENIOR trial (data not shown), and the results were still in agreement with the original analysis. Therefore, a common SBP goal for the elderly and general population remains a reasonable recommendation.
The findings of our study are generally consistent with those of previous systematic reviews. [46] [47] [48] In a meta-analysis including 31 trials and 190,606 participants, there were no differences between younger (<65 years) and older (≥65 years) adults with regards the effects of lowering BP on the relative risk of major cardiovascular events. 46 Although that study did not specifically investigate the effect modification by age, it indirectly supports our study conclusion that a common BP target may be reasonable for the hypertensive population regardless of age. Another recent systematic review and meta-analysis suggested that treatment to at least the current guideline standards for BP (<150/90 mm Hg) substantially improved health outcomes in older adults, however, there was less consistent evidence that lower BP targets are beneficial Figure 2 . Effects of blood pressure-lowering treatment on various adverse outcomes, stratified by baseline mean ages of the included trials. Difference in final SBP indicates achieved SBP difference between intensive and standard control groups and was estimated by averaging the means of every trial weighted by the number of participants. P value for testing heterogeneity of the risk ratios across age groups is provided. Diamond represents the pooled estimate of relative risks and its 95% confidence interval. MACE, major adverse cardiovascular events; NA, not applicable; NR, not reported for high-risk patients. 47 Although it was a comprehensive and rigorous systematic review, there are several important differences from our study. First, they included studies based on a mean age of >60 years and included studies with younger subjects not regarded as elderly. In contrast, we identified and included studies based on the inclusion criteria of subjects aged 60 years or older. Second, their review included studies with comorbidities such as previous stroke (SPS3) and diabetes (Advance and Accord). However, all international hypertension guidelines recommend specific BP targets according to specific comorbidities, while our study focused on elderly populations without specific comorbidities. Lastly, their review did not specifically investigate the effects modification by age and the optimal BP targets and provided analysis of 140/85 mm Hg vs. other levels, which does not answer the research question proposed in our study. In a recently published meta-analysis which included only four "high-quality" RCTs (JATOS, 24 SPRINT-SENIOR, 33 VALISH, 40 Wei et al. 41 ), the authors suggested that intensive BP control (systolic BP <140 mm Hg) decreased the risk of MACEs including cardiovascular mortality and heart failure. 48 In addition, this intensive BP control was associated with a borderline reduced risk of stroke compared with standard treatment (RR = 0.80, 95% CI = 0.61 to 1.05). In contrast, our study demonstrated that intensive treatment with an achieved SBP level of <140 mm Hg, as compared with 140-150 mm Hg, was associated with a significant reduced risk of stroke, heart failure, cardiovascular mortality, and MACE ( Figure 4 ). With the inclusion of more eligible studies in our systematic review, our study has more power and may more faithfully represent the current body of evidence.
Given the higher baseline absolute risk of the elderly population and the similar risk reduction from BP lowering therapy to that in the younger population, 46 the number needed to treat to avoid one clinical outcome is much lower for the elderly population than that for a younger population. Taken together, a common treatment target for the elderly hypertensive population without comorbidities may be considered.
Study limitations
There are several limitations to this meta-analysis. First, the included trials comprise two types of studies involving the comparison of antihypertensive drugs or BP targets, therefore our results could not be used to definitely determine the optimal BP target of elderly hypertensives. Second, similar to other metaanalyses, the absence of primary data and the selective reporting of primary studies may have confounded our study results. Third, there may be considerable variability in the definitions of renal failure, cognitive decline, dementia, and adverse side effects across the included studies. Fourth, the generalizability of these findings to higher-risk population is constrained. Fifth, despite the comprehensive literature search, we may have failed to identify some eligible published or unpublished studies. However, with consistent findings as those reported in previous meta-analyses, 46-48 our study conclusions may not be altered substantially even if unidentified studies exist. A final important caveat is the complex issue of frailty, which may occur at any age but is much more common with advanced age. Most studies have excluded patients who were institutionalized, for example, in care homes and were not living independently. Moreover, elderly patients who volunteer for trials are less likely to be frail and unwell and receive more intensive monitoring and clinical support during the trial, than they might otherwise receive during routine care. Furthermore, such patients are probably less likely to develop adverse effects of treatment. It is therefore unknown if our conclusions would apply to the frail and dependent elderly population. Further research in such patients is urgently needed.
CONCLUSIONS
Evidence from RCTs supports the use of antihypertensive agents in lowering blood pressure for the independent elderly population without comorbidities such as diabetes, chronic kidney disease, chronic heart failure, coronary artery disease, and stroke. In such patients, there appears to be no substantial effect modification by age on the outcomes relating to BP lowering, except possibly for renal failure. Intensive SBP control to <140 mm Hg was associated with a significant reduction in the risk of most adverse outcomes in the elderly population compared with a BP level of 140-150 mm Hg. While the current body of evidence supports the same SBP target for elderly hypertensive patients as that for the general population, close monitoring their renal function in the management of hypertension may be advisable.
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